Although hemin is an essential nutrient for the black-pigmented oral bacterium Porphyromonas gingivalis, the mechanisms involved in hemin binding and uptake are poorly defined. In this study, we 
hemin are induced by growth of cultures in the presence of hemin.
The black-pigmented obligate anaerobe Porphyromonas (Bacteroides) gingivalis has been implicated as a major pathogen in destructive periodontal disease (53) . As with other pathogens, a requirement for the in vivo growth of P. gingivalis is that the organism must be capable of obtaining iron from the host. The low concentration of free iron in body fluids creates bacteriostatic conditions for many microorganisms and is an important defense factor against invading bacteria (6, 64) . Within the human host, potential iron sources available to pathogenic bacteria include transferrin found in serum and lactoferrin present on mucosal surfaces (39) . In addition, heme-containing compounds are a particularly abundant source of in vivo iron. Pathogens which occupy intracellular niches in vivo can utilize heme directly. However, extracellular pathogenic bacteria can utilize the iron in heme compounds only after the heme is released; this typically occurs by some form of tissue damage resulting in the release of intracellular material (39) . The ability to utilize hemin and hemin-containing compounds for nutritional iron has been documented for several pathogenic bacteria, including Vibrio cholerae, Vibrio vulnificus, Klebsiella pneumoniae, Neisseria gonorrhoeae, Neis- seria meningitidis, Yersinia pestis, Yersinia enterocolitica, Shigella flexneri, Bacteroides fragilis, Bordetella pertussis, Streptococcus pneumoniae, Haemophilus ducreyi, and Haemophilus influenzae (10, 14, 16, 21-23, 29, 30, 39, 44, 46, 56, 58, 60, 62, 63) . P. gingivalis also utilizes iron in the form of hemin for growth (20, gingivalis has been postulated to contribute to the degradation of host hemin-sequestering proteins. Precisely how the hemin molecule is taken into the P. gingivalis cell and processed is not known.
The aromatic sulfonated diazo dye Congo red (CR) has been used to examine the mechanisms of hemin binding and assimilation in B. fragilis, Y pestis, Y enterocolitica, Aeromonas salmonicida, Actinobacillus pleuropneumoniae, B. pertussis, and S. flexneri (12, 13, 27-29, 34, 40, 47, 50, 61) . CR binding to the cell surface is proposed to induce the same cell surface binding receptor employed for hemin binding in these species and is stimulated under conditions of iron limitation. In this study, we have examined the binding of hemin and CR by P. gingivalis whole cells under nongrowing conditions and have determined the relationship between CR and hemin binding. Additionally, we have utilized [14C] hemin and [59Fe] hemin to examine the ability of P. gingivalis to bind and accumulate hemin into the cell under growing conditions.
MATERIALS AND METHODS
Bacterial strains and growth conditions. P. gingivalis A7436, a clinical isolate originally characterized by V. R. Dowell (Anaerobic Microbiology Laboratory, Centers for Disease Control, Atlanta, Ga.) (17, 18) , was used in these studies. P. gingivalis cultures were typically maintained on anaerobic blood agar (Remel, Lenexa, Kans.) at 37°C in an anaerobe chamber (Coy Laboratory Products Inc.) with 85% N2, 5% H2, and 10% CO2. After incubation at 37°C for 3 days, cultures were inoculated into basal medium (BM [containing the following in grams per liter: trypticase peptone, 10; tryptophan, 0.2; NaCl, 2.5; sodium sulfite, 0.1; and cysteine, 0.4]) and incubated at 37°C under anaerobic conditions for 24 h. This culture served as the inoculum into BM, BM supplemented with hemin (1.5 ,uM) (BMH), Schaedler broth (SB) (Difco Laboratories), or SB plus dipyridyl (20 ,ug/ml) (SBD). Growth was monitored as the A660 (Beckman DU8 spectrophotometer).
The iron content of BM and SB was determined by the ferrozine assay (58) or by mass spectrophotometry. Analysis of iron content indicated that SB contained 10.9 ,uM iron and that BM contained 2.6 ,uM iron.
Hemin and CR binding assays. The binding of hemin and CR to P. gingivalis whole cells under nongrowing conditions was measured by a modification of the procedure described by Deneer and Potter (13) . Our previous studies have indicated that saturation of hemin and CR binding by Bacteroides thetaiotaomicron occurs at 20 and at 30 ,ug/ml, respectively (19) . P. gingivalis cultures were grown in BM, BMH, SB, or SBD for 24 h, harvested by centrifugation at 8,000 x g for 10 min, washed in phosphate-buffered saline (PBS), and resuspended in PBS to an optical density at 660 nm (OD660) of 1.5 (1010 CFU/ml). To this was added CR or hemin to a final concentration of 30 .Lg/ml. A 1.0-ml sample was immediately removed and centrifuged for 1 min at 10,000 x g in an Eppendorf centrifuge to pellet the cells, and the supernatant was assayed spectrophotometrically for hemin (OD40) or CR (OD488). The remaining cells were incubated at 37°C under anaerobic conditions and assayed at 5-to 15-min intervals for residual hemin or CR in the supernatant. P. gingivalis cultures without added hemin or CR, or hemin or Cr without added cells, served as controls. The concentration of hemin or CR present in the supernatant fractions was calculated from a hemin or CR standard curve. Binding of hemin or CR to whole cells was calculated as the difference between the total amount of hemin or CR added versus the amount remaining in the supernatant at each time point compared with time zero.
For competition assays, hemin (30 ,ug/ml) was allowed to prebind to P. gingivalis whole cells (in PBS) for 60 min at 37°C under anaerobic conditions. Excess hemin was removed by washing with PBS. Following prebinding, CR (30 ,ug/ml) was added, and binding was determined as described above. In a separate experiment, we also examined the potential competition between hemin and CR during the CR binding assay. For these experiments, hemin and CR (30 ,ug/ml) were added simultaneously to whole cells at time zero, which was followed by incubation as described above. Binding of CR to whole cells was calculated from a standard curve as described above.
Binding and accumulation of radiolabelled hemin. [ salmonicida, it has been suggested that CR binding is related to the ability of these organisms to sequester iron (13, 27, 59 with hemin (30 ,ug/ml) prior to CR addition also resulted in an increased binding of CR (Fig. 3B) (Fig.  4) . Hemin binding was initially detected at 30 min (data not shown), and the amount of hemin bound by P. gingivalis increased over time, with maximal binding by 24 h (Fig. 4) . P. gingivalis grown in BMH bound 115,000 pmol/mg of protein, 32% more hemin than P. gingivalis grown in BM, as detected at 4 h. At 24 h, P. gingivalis grown in BMH bound 29% more hemin than P. gingivalis grown in BM.
Hemin accumulation. The time course of uptake of hemin during logarithmic growth of P. gingivalis is shown in Fig. 4 (Fig. 4) . In agreement with the results obtained for hemin binding under nongrowing and growing conditions, more hemin was accumulated by P. gingivalis when cultures were initially grown with hemin (Fig. 4) Fig. 5A and B) . Cultures of P. gingivalis to which 1.5 ,uM cold hemin had been added bound 28,000 pmol/mg of hemin, a 30% reduction in hemin bound compared with that of control cultures sampled at 4 h (Fig. 5A) . Likewise, hemin accumulation by these cultures was 5,000 pmol/mg, a 61% reduction in hemin accumulation (Fig. 5B ). The addition of protoporphyrin IX resulted in a 28% inhibition of hemin binding and a 46% inhibition of hemin accumulation as detected at 4 h ( Fig. 5A and B) In addition to the production additional P. gingivalis iron-repi teins have been observed (1, 8) . production of novel proteins wk the presence of hemin (19a) . TI and of hemin binding in respor novel mechanism for the acquis We have recently isolated and ( transpositional insertion mutan MSM-3) that binds less hemin strain, irrespective of the presc medium (19a) . Internalization ( MSM-3 is also decreased relativ consistent with the inability of this strain to grow efficiently with hemin as a sole source of iron. Further characterization of the genetic lesion in MSM-3 should begin to define the specific proteins involved in hemin binding and transport in P. gingivalis.
In E. coli, N. gonorrhoeae, N. meningitidis, S. flexneri, V. cholerae, A. salmonicida, and Y enterocolitica, the ability to bind CR is induced by iron restriction (14, 27, 41, 47, 48, 50, 59, 61) . A relationship between CR and hemin binding also exists in S. flexneri, A. salmonicida, and Y pestis (13, 41, 47) . The ability of Yersinia species and S. flexneri to absorb CR as well as hemin has also been correlated with virulence (13, 41, 47) . A Cr+ phenotype appears to enhance the ability of S. flexneri to invade and infect HeLa cells (11, 59) , and Pgm mutants of Y pestis which do not bind CR are avirulent (26, 63 Dntrast, Bramanti and Holt (5) In humans, hemin is typically found intracelluarly and 3r their hemin uptake studies.
becomes available to extracellular pathogenic organisms only ly, we examined the uptake of following its intracellular release. The mechanisms involved in owth cycle (24 h), whereas in hemin uptake are not precisely known; however, the first step nti and Holt (5) hemin uptake is believed to be hemin binding to the cell surface. The ability iinally, in this study, we found to bind hemin has been described for H. influenzae, Actinobading both under growing and cillus pleuropneumoniae, A. salmonicida, Y pestis, S. flexneri, sed in two different assays.
and enteroinvasive E. coli (10, 13, 27, 45, 46, 59) . In these of hemin-repressible proteins, organisms, hemin binding is typically induced by growth under ressible outer membrane proiron-replete conditions. In H. influenzae, heme transport may Interestingly, we observed the involve one or several of the heme-repressible outer memiich are apparently induced in brane proteins. One such heme-repressible protein has been he induction of novel proteins
shown to bind hemin and may be involved in the initial stages ise to hemin may represent a of hemin assimilation in H. influenzae (9, 10) . This H. influenition of hemin by P. gingivalis. zae hemin-binding lipoprotein has recently been cloned and characterized a nonpigmented sequenced and has been shown to bind hemin in vitro and also it of P. gingivalis (designated to promote binding by E. coli recombinants expressing the than the wild-type pigmented protein (9) . In H. influenzae, hemin is transported as a whole ence of hemin in the growth molecule and does not appear to serve simply as a carrier of of [14C]hemin by P. gingivalis iron into the cell in a mechanism analogous to a siderophore te to that of the parent strain, (10 (61) . Pendrak and Perry (42) have described the characterization of spontaneous avirulent Pgm-mutants of Y pestis that are defective in hemin storage but not in hemin utilization. These investigators have proposed the existence of two separate hemin loci that control (i) a hemin uptake component and (ii) hemin storage loci (42, 45) . The hemin storage locus is found within a larger pigmented locus that seems to control both hemin and CR binding. Pendrak and Perry (43) have recently cloned and mapped structural genes for four proteins encoded on the hemin storage (hms) locus of Y pestis. Three of the identified hms gene products, Hms H, -F, and -R, are required for an Hms+ phenotype in Y pestis. Initial studies of the Y enterocolitica (57) hemin transport system indicate that the entire hemin molecule is transported into the cell. Recently, the hemin receptor of Y enterocolitica was identified, and its gene was cloned and sequenced (57) . Hemin uptake in Y enterocolitica was shown to be TonB dependent, similarly to other siderophore and vitamin B12 uptake systems. In V cholerae, at least two high-affinity systems for acquiring iron have been identified; a siderophore-mediated system and a hemin and hemoglobin utilization system. Henderson and Payne (24) have recently cloned several genes for V cholerae hemin utilization and have shown that these are sufficient for the transport of hemin into the cell.
The ability to store hemin may help bacteria to obtain hemin despite the host's hemin-scavenging strategies. The hemin uptake system may represent an important survival mechanism especially for a mucosal pathogen like P. gingivalis, since a large amount of hemin is present at mucosal sites because of the desquamation of epithelial cells. In an ecosystem in which the levels of hemin are variable, the ability to store hemin becomes extremely important to the ultimate survival of P.
gingivalis. Thus, when hemin levels in the gingival crevice rise, hemin can be stored for later use under conditions of hemin limitation. The ability to utilize and store hemin compounds may thus provide this pathogen with an alternative nutritional source of iron that is typically more abundant in humans.
